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Purpose: The effect of near-wall blood flow velocity and plasma filtration velocity across the 
arterial wall on luminal surface concentration f low-density lipoproteins (LDL) and the 
uptake of tritium-cholesterol were investigated. 
Methods: A numeric analysis of LDL transport in steady flow, over the range of 
physiologically relevant flow rates, predicted a surface concentration f LDL of 4% to 16% 
greater than that in the bulk flow. The LDL surface concentration increased linearly with 
filtration velocity and inversely with wall shear ate. 
Results: These were validated experimentally in canine carotid arteries. When the 
transmural pressure was increased from 100 to 200 mm Hg, the filtration velocity 
increased from 5.13 x 10 -6 cm/sec to 8.41 x 10 -6 cm/sec, whereas the normalized 
uptake rate of tritium-cholesterol increased from 3.58 x 10 -4 cm/hour to 7.36 x 10 -4 
cm/hour. 
Conclusion: These results indicate that lipids accumulate at the luminal surface in areas 
where blood flow velocity and wall shear stress are low and where the permeability of the 
endothelial layer is enhanced. Moreover, the rate of lipid infiltration into the blood vessel 
walls is affected by the luminal surface concentration. These findings are consistent with 
chronic hypertension and elevated blood cholesterol concentrations being major risk 
factors for atherosclerosis. (J VAsc SURG 1995;21:135-45.) 
Clinical and postmortem studies indicate that 
atherosclerotic lesions are localized in regions of low 
wall shear stress where blood flow may be disturbed 
and where secondary flow and flow separation are 
likely to occur. 1,2 This suggests the possibility that the 
spatial distribution of some hemodynamic factors 
such as wall pressure, fluid velocity, or wall shear 
stress may be involved in the transport of atherogenic 
substances into the arterial wall and the subsequent 
redistribution of such accumulated substances within 
the vessel wall. 
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In past years, most investigators have emphasized 
the importance of wall shear stress in atherogenesis. 
To test the validity of the high and low all shear ate 
hypotheses proposed by Fry 3 and Caro et al., 4 
respectively, experimental studies have been carried 
out on the effects of wall shear stresses on the uptake 
oflipids, proteins, and other macromolecules byboth 
the arterial wall 3,5-8 and cultured endothelial cells. 9 
Although it has been shown that wall shear stress 
can affect the structure of endothelial cells, 1°12 thus 
possibly affecting their biologic functions, l°a>16 it is 
almost certain that mass transport phenomena at the 
blood/vessel wall interface play an equally important 
role in the localization and development of athero- 
sclerosis in the human circulation. Thus we have been 
looking for alternative xplanations for the localiza- 
tion of atherosclerosis based on the near-wall velocity 
of flowing blood and on cholesterol transport. 
Cholesterol exists in blood in the form of  
lipoproteins, with about two thirds in the form of 
low-density lipoproteins (LDL).17 The LDL concen- 
tration in plasma and the rate of delivery of choles- 
terol to vascular beds are two important factors that 
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are likely to affect he pathogenesis of atherosclerosis. 
The delivery of cholesterol to vascular beds is 
dependent on blood flow, more specifically on the 
local flow velocity at the vessel wall. This may be 
appreciated by considering the movement of indi- 
vidual lipoprotein particles flowing along a water- 
permeable vessel wall. Because lipoprotein particles 
have a finite size, their translational velocities will not 
be zero even when they are in contact with the 
endothelium. Thus their movement over the endo- 
thelium will be determined largely by the fluid 
velocity in the immediate vicinity of the endothelium. 
Because the vessel wall is permeable to water, solutes, 
and some macromolecules, the fluid velocity has a 
radial component. When the flow rate is low, the 
radial velocity component of the fluid adjacent to the 
endothelium may be of the same order as or even 
greater than the longitudinal component. In such a 
case, adhesion and accumulation of the particles on 
the endothelium may occur. At the same time, 
molecular diffusion causes ome of these particles to 
move away from the endothelium into the main- 
stream. An equilibrium concentration ofparticles will 
therefore be established at the blood/endothelium 
boundary. The luminal surface concentration of 
LDL, which is more important in atherogenesis than 
the bulk concentration ofLDL, can be determined by 
two major factors: the local velocity of the flowing 
blood that carries the particles, and the blood 
pressure that alters the permeability of the vessel wall. 
The lower the near-wall velocity (or wall shear rate) 
and the higher the blood pressure, the higher and 
faster the accumulation of the particles at the 
blood/endothelium boundary. In branching and 
curved vessels, surface concentrations of LDL may 
vary from place to place because of regional differ- 
ences in the near-wall blood flow velocity, blood 
pressure, and vascular permeability. Such local varia- 
tions in surface concentration of LDL particles may 
contribute to the localization of atherosclerosis. To 
investigate the above hypothesis, we studied the 
transport of LDL in a simple straight artery model. 
In this study, the numeric analysis of a mass transfer 
model is presented, and the ffect off-titration velocity 
across the walls of canine common carotid arteries on 
the wall uptake rate of sermn tritium-cholesterol is 
assessed experimentally. 
METHOD 
Theoretical modeling and analysis 
The purpose of the theoretical analysis is to model 
the transport of atherogenic macromolecules such as 
LDL through blood to the luminal surface of an 
artery and find out the luminal surface concentration 
of the macromolecules; and to predict the ffects of 
filtration velocity and wall shear rate on the luminal 
surface concentration. In the analysis, LDL was used 
as representative macromolecules. 
Assumptions. To solve the mass transfer qua- 
tion describing the surface concentration of LDL at 
the blood/endothelium boundary, the following 
simplifying assumptions were made: (1) the fluid 
(blood) is homogeneous, incompressible, and New- 
tonian with a constant viscosity of 0.035 g/cm. sec 
and a mass density of 1.05 g/cm3; (2) the blood vessel 
is a straight cylindrical tube with a uniform internal 
diameter; (3) the main flow is a steady laminar 
Poiseuille flow with a parabolic velocity profile; (4) 
the vessel wall is permeable to plasma and has a 
filtration velocity of 4 x 10 -6 cm/secl8; (5) the 
convective flux and diffusive flux of LDL into the 
vessel wall are so small that their effect on the 
concentration of LDL at the luminal surface is 
negligible. 
Basic equations. Fig. i is a schematic drawing of 
blood flow through an artery with a permeable wall. 
For such an axisymmetric flow of a viscous incom- 
pressible fluid, the convective and diffusive transport 
of macromolecules such as LDL can be described by 
oc oc [!i o [ ocl 02c] 
U~x+V~r r =D Orrk r~rr] + 0--~J (1) 
where c is the concentration of LDL, u and v are the 
respective axial and radial velocities of the fluid, r and 
x are the respective radial and axial coordinates, and 
D is the diffusion coefficient of LDL in blood, 
estimated to be about 5.0 x 10 -s - 2.0 x 10 -7 
cm2/sec.4a 9 
Here, if we consider the mass transfer in the axial 
direction, the contribution of diffusive transport 
given by the last term in equation 1 is negfigible 
compared to the convective transport given by the 
first term. Equation 1 can thus be simplified to 
0c 0c__ v(02c !0el 
UTx + v~ \0r 2 + r Or/ (2) 
The boundary conditions (BC) are 
BC- Ia tx=0,  c=c  o 
BC-II at the outlet Ozc = 0 
' Or 2 
0 0c=0 BC-IIIatr = ,0x a 
(o 2 BC- IVat r= R, vwc w-D ~r = mc + md 
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Fig. 1. Two-dimensional representation f blood flow through artery shows definitions of 
symbols assigned to various geometric and physical properties used in theoretical nalysis, r 
represents radial coordinate, x represents axial coordinate, u o represents maximum fluid axial 
velocity at inlet, ~o represents mean fluid axial velocity at inlet, c o and C,v represent concentration 
oflipoproteins atvessel axis and blood-endothelium boundary, respectively, R represents radius 
of vessel, v w represents filtration velocity of plasma through vessel wall. i , j  represent position 
indexes in x and r direction, respectively. 
where c o is the LDL concentration i  the bulk flow, 
R is the radius of the vessel, vw is the filtration velocity 
of plasma cross the vessel wall, c w is the LDL surface 
concentration at the wall, oc • (Z~) as the concentration 
gradient at the wall, and m c "~nd m a represent the 
respective convective and diffusive flux of  LDL into 
the vessel wall. BC-IV is a mass balance of LDL at the 
blood/wall interface, and it states that the amount of  
LDL infiltrating into the vessel wall is the difference 
between the amount carried to the vessel wall by 
filtration flow and the amount hat diffuses back to 
the mainstream. In this study, m c and m a were 
assumed to be 0 (assumption 5). 
To facilitate the numeric analysis, equation 2 was 
rendered imensionless by normalizing with rio, the 
mean axial velocity at x = 0, Co, the initial concen- 
tration of lipoproteins at the inlet of the vessel, and 
Do, the inner diameter of the vessel, and can now be 
expressed as 
OC oC 1 (o2C lOC) 
u~ + v~ - R~gZ~-~ + ~/  (3) 
where U = u/rio, V = v/t~o, X = x/Do, Y = r/Do, 
C = c/c o, Re = Doriop/tz (Reynolds number), Sc = 
I - t /pD (Schmidt number). 
To integrate equation 3, it was necessary to 
express the axial and radial velocities as functions of 
X and Y. Yuan and Finkelstein 2° studied the flow 
through a cylindrical pipe with a porous wall and 
provided solutions for axial and radial velocities. 
Their formulas are very long and complex. However, 
because in this case the estimated filtration velocity in 
the arterial wall was very small (v w = 4.0 × 10 -6 
cm/sec), their expressions for the axial and radial 
velocities can be simplified and expressed in dimen- 
sionless terms as follows: 
U = 2(1 - 4Y 2) (1 - v) (4) 
V = 4 Vw(1 - 2y2)y (5) 
where ~ = f~ 2 VwdX and Vw = Vw/fio. 
Numeric analysis. Equation 3 was made discrete 
by the second upwind finite difference method 
described by Roache, 21 and expressed in the form of  
a finite difference quation as 
C.k .+ i = 1 x 
1, j Ay ReSc (URAY + Vr,~lX) + 2AX 
+ + 
( 1 + VLZXY ReSc - Ay + ULAY 2 ReSc Ck + 1,j 
where 
UR = (Ui + 1,j + Ui, i), VR = ~(Vi, i + 1 + Vi, j) (6) 
1 1 
UL = 2(Ui, j Jr Ui  1, j) ,VL = 2(Vi, j -]- Vi, j -  1) 
and the subscripts i, j are the position indexes in the 
x- and r-direction, the superscript k denotes the 
iterative time index. 
Equation 6 was then solved numerically for C in 
combination with equations 4 and 5 under the 
boundary conditions with the aid of a digital 
computer (Hewlett Packard 9000; Hewlett Packard 
Co., Palo Mto, Calif.). Computations were carried 
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out using a nonuniform grid in the r-direction and a 
uniform grid in the x-direction (Fig. 1). The follow- 
ing non-restrictive condition 22 was applied at the last 
downstream location: 
Ci ,j = Ci - 4, j - 2Ci  - 3, j + 2Ci 1, i (7) 
The degree of convergence of the solution from 
equation 6 was judged by carrying out a standard 
convergence t st in which the increments in the axial 
and radial distances were decreased to assure the 
accuracy of the solution. 21 The number of grids in the 
r-direction was 29. Once the concentration distribu- 
tion of LDL is obtained, the luminal surface concen- 
tration can be determined. 
Experimental method 
The purpose of the experimental study is to 
validate the theoretical prediction. To do so, we used 
tritium-cholesterol as tracer macromolecules. Be- 
cause it is difficult o measure directly the concentra- 
tion of tritium-cholesterol at the luminal surface, we 
measured the uptake (or infiltration) rate of tritium- 
cholesterol by the arterial wall instead. By doing so, 
we may indirectly determine the effect of filtration 
velocity on the surface concentration by assuming 
that the uptake rate is proportional to the surface 
concentration. 
Study of filtration velocity 
Preparation of  artery segments. Fourteen com- 
mon carotid arteries were obtained f rom adult 
mongrel dogs of either sex. After exposure of the 
blood vessel, the surrounding tissue was carefully 
removed, and its integrity was thoroughly checked in 
situ. A vessel segment of 6 to 7 cm in length was then 
excised while maintaining its normal in vivo length 
by mounting it onto a stainless teel frame. This was 
to minimize the risk of endothelial damage. The 
harvested vessel was then immersed in a cell culture 
medium (Isocove's modified Dulbecco's medium; 
Sigma Chemical Company; St. Louis, Mo.) contain- 
ing 5% fetal calf serum. During the whole operative 
procedure, normal saline solution was constantly 
applied to the outer surface of the vessel to prevent 
the vessel from drying. 
The harvested vessel was cannulated on both sides 
with use of thin-walled stainless teel pipes and then 
perfused with the cell culture medium to flush out 
any remaining blood. The cannulated vessel was then 
transferred to a specially designed supporting holder 
while keeping its in vivo length. The vessel was again 
checked for leakage by applying a transmural pres- 
sure of about 80 mm Hg. If a leak could not 
be stopped at this stage, the vessel was discarded. 
Measurement of  filtration velocity. The test 
blood vessel with its supporting holder was placed 
horizontally in a transparent Plexiglass (Decoplex, 
Sainte-Foy, Canada) chamber filled with the cell 
culture medium. The same solution (density 1.007 
g/cm 3 and viscosity 0.00932 g/cm.sec) was used 
to perfuse all of the vessels. The cover plate was 
placed in position, and, after expelling any air 
bubbles, the chamber was sealed by tightening the 
six screws positioned symmetrically around the 
chamber. A thin rubber gasket was used to prevent 
leakage of the solution from the chamber. Fig. 
2, A shows the schematic drawing of the experi- 
mental measurement chamber. The calibrated cap- 
illary tube on the cover plate has an opening to the 
inside of the chamber. The increase of the liquid 
volume in the chamber because of the filtration flow 
across the wall of the test artery can be determined 
by the liquid volume increase in the capillary. 
The test vessel was connected to a head-tank 
system. The vessel was first filled with the perfusion 
solution, then the outlet tubing connected to the 
distal end of the blood vessel was clamped. The 
desired pressure was obtained by adjusting the height 
of the head-tank (100 and 200 mm Hg). The 
pressure in the test vessel was measured by use of a 
mercury manometer connected to a pressure tap 
located immediately downstream of the test vessel. 
The filtration rate across the blood vessel wall was 
calculated by measuring the time taken for the 
meniscus of the filtrate fluid rising in a calibrated 
capillary tube to pass two marked lines. This mea- 
surement showed that the rising rate of the filtrate 
fluid in the capillary tube changed over the course of 
the experiment, probably because of the adaptive 
response of blood vessels to changes in hemodynamic 
conditions. However, the rising rate approached a 
constant value after a certain period of time. Only the 
constant values were used to calculate the filtration 
rates. All experiments were carried out at a room 
temperature of 23 ° _+ 0.5 ° C. 
After each experiment, photographs of the blood 
vessel were taken at the two perfusion pressures to 
measure the outer diameter of the vessel. The blood 
vessel was fixed at a pressure of 100 mm Hg with a 
10% formalin solution to measure the wall thickness. 
Calculation of the filtration velocity was based on 
these measurements. 
Study of tritium-cholesterol uptake 
Both left and right common carotid arteries were 
obtained from four adult mongrel dogs and prepared 
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as described above, except that each artery was 
divided into two equal engths of about 6 cm and 
fixed on two separate metal frames for a paired uptake 
study. 
Preparation of tritium-cholesterol labeled se- 
rum. Two hundred milliliters of blood were drawn 
from the femoral artery of each dog. The blood was 
allowed to clot, and it was then centrifuged at2500g 
for 15 minutes to obtain the serum. Twelve ~Ci of 
tritium-cholesterol (Sigma Chemical Company, spe- 
cific activity 58 Ci/mmol) was pipet-ted into 50 ml of 
serum, and the mixture was gently agitated for i hour 
at room temperature. After this procedure, two 0.5 
ml samples were set aside to serve as controls for 
radioactive counting to provide the initial bulk con- 
centration of the labeled cholesterol inthe serum (Co). 
Perfusion system. A modified perfusion system 
described by Caro and Nerem 6was used in this study 
and is shown schematically in Fig. 2, B. Briefly, paired 
test vessels mounted on their respective frames were 
connected to the perfusion system in series. One 
arterial segment was placed in the closed transparent 
Plexiglass chamber filled with saline solution, 
whereas the other was mounted in an open container 
also filled with saline solution. A head of fluid (the 
labeled serum, kinematic viscosity = 0.016 cm2/sec) 
was established between the upstream and the 
downstream reservoirs (reservoirs i and 2) by means 
of a blood pump, causing flow through the artery 
segments. It was ensured that the flow direction was 
the same as the blood flow direction in vivo. 
Experimental procedure. The outer diameters 
of the two test vessels ubjected to a pressure of 100 
mm Hg were measured with a calliper. The pressure 
in the perfusion system was then gradually increased 
to 200 mm Hg, and the blood vessels were again 
checked for leakage and the diameter of the vessel in 
the open container was measured. The chamber was 
sealed and a pressure of 100 mm Hg was applied 
through the pressure inlet tube on the top of the 
chamber. Thus the transmural pressure of the test 
vessel in the closed chamber was 100 mm Hg, 
whereas that in the open container was 200 mm Hg. 
Because the diameters of the paired arteries were 
different, flow rate instead of Reynolds number was 
used as the representative flow parameter. For all of 
the experiments, the flow rate was approximately 40
ml/min. The mean flow rate was controlled by the 
blood pump that was calibrated over the range of 
flow rates used. The perfusion time was 1 to 3 hours. 
The same xperimental procedure was repeated for all 
of the paired arterial segments. 
Preparation of samples for analysis. After being 
Cell culture medium ~'11 Pipette 
\ 
I ~ \Artery ~ J /Steel pipe 
/ \ 
Holder Transparent chamber 
(A) 
200 mm Hg 
Reservoir 1 I 
Pump 
100mmHg 
Saline 
Artery segments 
200 mm Hg 
Reservoir 2
J 
(B) 
Fig. 2. (A), Schematic drawing of specimen chamber 
used for measurement of fil ration velocities. (B), Sche- 
matic drawing ofexperimental perfusion system used for 
measurement of wall uptake rate of labeled cholesterol. 
perfused, the arteries were removed from the per- 
fusion system and emptied of serum. They were 
rinsed with saline solution, then connected back to 
the head-tank flow system and flushed internally 
with saline solution. The vessels were fixed at 100 
and 200 mm Hg, respectively, with a 10% formalin 
solution. After fixation, a 1 to 3 cm long segment 
of each tested vessel was obtained from its middle 
section. Each specimen was placed in a vial into 
which 5.0 ml of scintillation liquid was added. The 
specimens were assayed in a Beckman 6000 counter 
(Beckman Instruments Inc., Fullerton, Calif.) to 
determine the radioactivity of the arterial wall, and 
the uptake rate was then calculated. Because it is 
difficult to keep the bulk concentration of the 
labeled cholesterol in the perfusion solution pre- 
cisely the same value for all of the experiments, the 
results are expressed as M/Co, where M is the uptake 
rate (mg/cm 2. hour) of the labeled cholesterol and 
c o the bulk concentration f the labeled cholesterol 
in the perfusion solution. 
Histologic and scanning electron microscopy 
observations. Two of the carotid arteries were 
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Fig. 3. Distribution of the normalized axial fluid velocity (A), radial fluid velocity (B), and 
lipoprotein concentration (C) in blood flowing through artery with semipermeable wall 
(/9 = 5.0 × 10 -8 cm2/sec). 
perfusion-fixed with a 10% buffered formalin solu- 
tion overnight. One artery was fixed at 100 mm Hg 
and the other at 200 mm Hg. Two samples were 
taken from each artery for histologic and scanning 
electron microscopy studies. The first sample was 
embedded in paraffin, and 5 ~m sections were cut 
and stained with hematoxylin-eosin a d Weigert 
stains. For scanning electron microscopy studies the 
sample was fixed in 2% buffered glutaraldehyde 
solution, rinsed in distilled water, and postfixed in 
osmium tetroxide. The drying process consisted of 
immersion in a series of aqueous ethanol solutions 
followed by critical point drying with use of liquid 
CO 2 as the transfer medium. The dried specimen was 
then coated with gold palladium and examined with 
use of a Jeol JSM 35 CF scanning electron micro- 
scope (Soquelec, Montr&l, Qudbec, Canada) at an 
accelerating voltage of 15 kV. 
Statistical analysis. Statistical comparisons of 
filtration velocity measurements and the wall uptakes 
of the labeled cholesterol were made between the two 
groups (100 and 200 mm Hg) with a paired t test. 
The differences were considered significant at p < 
0.05. 
RESULTS 
Theoretical results 
Distributions of  fluid velocity and LDL con- 
centration. The distributions of axial and radial fluid 
velocities and the steady state concentration f LDL 
were calculated for a filtration velocity of 4.0 x 10-6 
cm/sec and for a diffusion coefficient of 5.0 x 10 s 
to 2.0 x 10 -7 cm2/sec. The results for a 6 mm 
diameter artery are shown in Fig. 3. Owing to the 
presence of the filtration flow through the vessel wall, 
the axial fluid velocity decreases with increasing 
distance from the entrance (Fig. 3, A). However, 
because the rate of filtration flow is very small, the 
distribution of the axial fluid velocity remains para- 
bolic over the entire length of the arterial segment 
under consideration. As shown in Fig. 3, B, the radial 
fluid velocity varies nonlinearly with the radial 
distance according to equation 5. It increases steadily 
from 0 at r /R - -0 ,  reaching a maximum at 
r/R = 0.816 and then decreases lightly before 
approaching a constant value of v w at the blood- 
endothelium boundary. It should be noted that the 
distribution of the radial fluid velocity remains the 
same over the entire length of the artery segment and 
is not affected by the Reynolds number. Fig. 3, C, 
shows the distribution of LDL concentration 
in the radial direction (assuming D = 5.0 x 10 -8 
cm2/sec). In the lumen, the concentration f LDL is 
low but increases sharply in thc immediate v;cinity of 
the vessel wall. This radial variation of LDL concen- 
tration is greatly affected by the Reynolds number 
(and hence the wall shear ate). Even under normal 
physiologic Re of 100 to 1000, the steady state 
concentration of LDL at the blood-endothelium 
boundary is between 7% to 16% higher than that in 
the bulk flow. 
The effects of  wall shear ate, filtration velocity 
and diffusion coefficient on LDL  surface concen- 
tration. The effects of wall shear rate on c w were 
studied by assuming that the filtration velocity 
remains constant (v w = 4.0 x 10 -6 cm/sec) even 
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when the flow rate (wall shear rate) changes 
within the physiologic range. Fig. 4 shows the 
plot of relative surface concentration, %/Co, 
against wall shear rate, Gw, calculated for blood 
flow through a 6 mm diameter artery as an example. 
For both diffusion coefficients used in the calcu- 
lation (5.0 x 10 8 and 2.0 x 10 -7 cm2/sec), Cw/C o 
decreases very sharply at low G w but approaches 
the value of 1.0 (i.e., c w = Co: uniform con- 
centration throughout he vessel) asymptotically 
as G w is increased. This demonstrates that the 
surface concentration of LDL is more sensitive 
to changes in flow conditions at low flow 
rates. 
The effects of the filtration velocity, Vw, on 
the surface concentration of LDL for different 
Reynolds numbers are shown in Fig. 5 for two 
different diffusion coefficients. The surface con- 
centration of LDL increases linearly with V,v , 
indicating that changes in blood pressure will di- 
rectly affect the surface concentration of LDL be- 
cause the filtration velocity varies with blood 
pressure, is
Experimental results 
Structure of  the tested arteries. Scanning elec- 
tron photomicrographs of the luminal surface of the 
carotid artery fixed at 100 mm Hg pressure indicate 
that the endothelial lining was essentially intact with 
minimal injury to the subendothelial membrane 
(Fig. 6, A). At 200 mm Hg, the endothelial lining 
was again generally intact except for some isolated 
areas that showed very limited damage to the 
endothelium (Fig. 6, B). No difference in cell shape 
was observed at either pressure. Histologically, both 
vessels showed good preservation of their wall 
thicknesses, elastic networks, and internal elastic 
lamina. 
Filtration velocity. The filtration velocity across 
the wall of the dog common carotid artery at a 
transmural pressure of 200 mm Hg was significantly 
greater than at 100 mm Hg as shown in Fig. 7 
(8.41 _+ 2.46 × 10 -6 and 5.14 _+ 1.38 × 10 6 
cm/sec; p < 0.005). The value at 100 mm Hg was 
comparable to that reported by Wilens and Mcluskey 
(4.0 x 10 -6 cm/sec). 18 
Tritium-cholesterol uptake. The uptake of 
tritium-cholesterol by the vessel walls is also pre- 
sented in Fig. 7. It shows that the wall uptake rate of 
labeled cholesterol at 200 mm Hg was significantly 
higher than that at 100 mm Hg (7.36 + 1.97 x 
10 -4 and 3.58 + 0.95 x 10 -4 cm/hr, respectively; 
p < 0.005). 
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Fig. 4. Plot of surface concentration f lipoproteins at 
blood-endothelium boundary, c w (normalized by concen- 
tration in bulk flow, co)  , as fimction of wall shear ate, Gw. 
Calculations were made for 6 mm inner diameter artery 
with filtration velocity vw = 4.0 x 10 -6 cm/sec. 
DISCUSSION 
During the past two decades, research on athero- 
sclerosis has focused on two major areas, the bio- 
chemical and metabolic functions of vascular endo- 
thelial cells and the chemistry of lipoproteins as 
carriers of cholesterol. As a result, the cholesterol 
uptake pathway by cells can now be explained fairly 
well by receptor-mediated binding, internalization, 
and degradation of cholesterol-carrying lipopro- 
teins. 2a However, the experimental results by Wik- 
lund et al.24 suggest hat the flux of LDL into the 
arterial wall is not regulated by endothelial LDL 
receptors. Some cholesterol may get into the arterial 
wall by infiltration through leaky endothelial cell 
junctions in regions of high endothelial cell turn- 
over) s-16 This kind of macromolecular infiltration 
should depend on luminal surface concentration. 
Moreover, most of the studies on binding and 
internalization were carried out with use of cultured 
cells under quiescent flow conditions. Thus little is 
known about the effects of hemodynamic factors 
such as fluid velocity, shear stress, blood pressure, and 
the permeability of vessel walls on the uptake of 
lipoproteins in vivo. This work provides some 
quantitative information on the effects of hemody- 
namic factors on the surface concentration fathero- 
genic macromolecules such as LDL at the blood- 
endothelium boundary. 
Theoretical analysis hows that the presence of a 
filtration flow across the vessel wall leads to an 
accumulation of LDL at the blood-endothelium 
boundary. For a typical artery with a mean blood 
pressure of 100 mm Hg and a mean wall shear stress 
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Fig. 5. Plot of normalized surface concentration f lipo- 
proteins, CJCo, as function of filtration velocity of plasma 
across the vessel wall, v w. Note strong effect of filtration 
velocity (which is determined by level of blood pressure) 
and Re (or wall shear ate, Gw) on surface concentration f 
lipoproteins at blood-endothelium boundary in 6 mm 
inner diameter artery. Vertical ine indicates value at normal 
arterial pressure. (A), D = 5.0 x 10 -8 cm2/sec, (B) D = 
2.0 x 10 -7 cm2/sec. 
of 15 dynes/cm2,  s'26 the steady state surface concen- 
tration of LDL is about 10% higher than that in the 
bulk flow. The surface concentration was shown to be 
inversely proportional to the wall shear rate, and 
proportional to the filtration velocity of plasma cross 
the vessel wall. To verify these theoretical predictions, 
a simple flow experiment was devised to quantita- 
tively determine the effects of transmural pressure on 
the filtration velocity of a cell culture medium across 
the wall of the dog common carotid artery and on the 
uptake rate of tritium-cholesterol bythe vessel wall. 
The cholesterol uptake measured was the infiltration 
of the labeled cholesterol into the arterial wall, which 
should be proportional to the luminal surface con- 
centration of the labeled cholesterol. The results 
show that, as transmural pressure increased from 100 
to 200 mm Hg, the filtration velocity across the vessel 
wall increased from the normal physiologic value of 
5.13 x 10 -6 cm/sec to 8.41 x 10 -6 cm/sec, 
whereas the uptake rate of tritium-cholesterol by the 
vessel wall doubled. That is, a 64% increase in 
filtration velocity led to an approximately 100% 
increase in uptake rate. We believe that the increase 
in the uptake rate is mainly a result of higher surface 
concentration of the labeled cholesterol because of 
higher filtration velocity, although the filtration flow 
itself can also contribute to the uptake through 
convective flux of cholesterol into the arterial wall. 
Because the endothelium was generally well pre- 
served except for occasional small tears in isolated 
areas, the limited endothelial damage probably made 
no significant contribution to the measured wall 
uptake rate. Because the measured cholesterol uptake 
is an indication of the luminal surface concentration 
of cholesterol, the experimental results demonstrated 
that the surface concentration i creased proportion- 
ally with filtration velocity, as predicted by the theory. 
Similar phenomena have been reported be- 
fore. z728 Fry et al. 28 studied the transport of indium 
125-labeled albumin and lzSI-LDL into deendothe- 
lialized pig aortas and found that the transport rates 
were greatly affected by both perfusion pressure and 
oscillatory stirring. At a perfusion pressure of 100 
mm Hg, it was shown that both the surface 
concentration at the vessel wall and the wall uptake of 
albumin and LDL were reduced under oscillatory 
stirring conditions. In a recent comparative study, 
they also demonstrated that the uptake of albumin 
and LDL by deendothelialized aortas increased with 
pressure under oscillatory stirring conditions. This, 
however, did not hold true for intact endothelial 
surfaces. 29 In contrast, Bretherton et al. 3° previously 
demonstrated, under in vivo pulsatile flow condi- 
tions, a significant increase in the wall uptake of 
12SI-LDL by the aorta of hypertensive rabbits over 
that of normotensive rabbits. The discrepancy be- 
tween the in vitro and the in vivo results may be due 
to the difference in flow conditions. It is possible that 
the stirring action was sufficient to prevent aconcen- 
tration layer from forming on the luminal surface of 
the intact vessels.29'31 However, because the filtration 
velocity through deendothelialized surfaces is almost 
twice as high as that of normal arteries, 32 the stirring 
action was not great enough to prevent the formation 
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Fig. 6. Scanning electron photomicrographs of endothelial surface fixed at 100 mm Hg (A) 
and 200 mm Hg (B). At 100 mm Hg, endothelial lining is almost intact. At 200 mm Hg, only 
some isolated areas (indicated by arrow) showed very limited damage to endothelial lining. 
of a macromolecule concentration layer on the 
luminal surface. These findings are consistent with 
the hypothesis that an elevated transmural pressure 
induces an increase in wall uptake ofmacromolecules 
because of the elevated luminal surface concentration. 
In this study, a simple case of steady flow was used 
to simulate LDL transport. With pulsatile flow, one 
can assume that the surface concentration of lipids 
may be reduced to some extent depending on the 
local flow conditions. Our theoretical prediction 
indicates that when the wall shear ate is less than 10 
sec-~, the luminal surface concentration of athero- 
genic macromolecules can be 20% to 40% higher 
than the bulk concentration (Fig. 4). The low shear 
rates associated with areas of separated flow and slow 
recirculating eddies occur where there is a sudden 
change in the cross-sectional area of the conduits and 
are present in both steady and pulsatile flow condi- 
tions. In these regions, pulsatile flow conditions are 
unlikely to reduce the buildup of highly concentrated 
layers of atherogenic macromolecules, leaving these 
areas exposed to high local cholesterol levels. The 
flow study by Ku and Gidden aa gives some support 
to this hypothesis. While studying the flow patterns 
in the human carotid bifurcation by use of hydrogen 
bubble flow visualization, they observed that, under 
pulsatile flow conditions, hydrogen bubbles accumu- 
lated in the region of flow separation at the lateral 
wall, a region that is more susceptible to atherogen- 
esis. The bubbles remained there for a longer period 
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Fig. 7. Comparison of fikration velocity of cell culture medium across dog common carotid 
arterial wall at 100 mm Hg and 200 mm Hg transmural pressure. Note that filtration velocity 
is significantly higher at transmural pressure of 200 mm Hg (p < 0.005). Wall uptake rates of 
labeled cholesterol by dog common carotid arteries at transmural pressures of 100 mm Hg and 
200 mm Hg. Transmural pressure (hence filtration velocity) has strong effect on wall uptake 
rate, hence surface concentration f lipoproteins (p < 0.005). 
of time than elsewhere. The delay in particle clearance 
or increased particle residence time results in in- 
creased uration of exposure of the luminal surface to 
circulating atherogenic agents, enhanced transendo- 
thelial diffusion or intimal entrapment ofatherogenic 
particles in the low shear regions, a3 
Because of the difficulties in experimentation, we
only tested indirectly the effect of filtration velocity 
(transmural pressure) on the luminal surface concen- 
tration. Further study should be carried out to 
measure directly the surface concentration ofmacro- 
molecules under different wall shear ates and filtra- 
tion velocities. 
This theoretical and experimental study predicts 
that the luminal surface concentration of LDL 
increases with decreasing flow rates (and, hence, 
increases with decreasing wall shear stress). This 
impfies that the regions of low velocity and low wall 
shear stress are likely to be those where formation of 
atherosclerotic plaques is favored. The results of 
extensive anatomic and fluid mechanical investiga- 
tions in human coronary, cerebral, and carotid 
arteries 1-2,a4 are in agreement with the above predic- 
tions. In the localized regions of enhanced endothe- 
fal permeability associated with cells in mitosis or 
death, 15-16'3s filtration velocity of plasma may be 
much higher than elsewhere. This may contribute to 
the high infiltration oflipids into these areas. Chronic 
hypertension can promote the pathogenesis of ath- 
erosclerosis and accelerate the progression of the 
disease. In addition to other possible mechanisms, 
the elevated luminal surface concentration flipids as 
a result of hypertension may also play a role in 
atherogenesis, because filtration velocity of plasma 
across the vessel wall increases with blood pres- 
sure. I8,a6 Similarly, subjects with chronically elevated 
blood cholesterol concentrations will be exposed toa 
higher risk of morbidity for these vascular diseases 
because both the bulk and the surface concentrations 
of LDL are much higher than normal. 
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